Abstract It has long been recognized that differences in climate model-simulated cloud feedbacks are a primary source of uncertainties for the model-predicted surface temperature change induced by increasing greenhouse gases such as CO 2 . Large-scale circulation broadly determines when and where clouds form and how they evolve. However, the linkage between large-scale circulation change and cloud radiative effect (CRE) change under global warming has not been thoroughly studied. By analyzing 15 climate models, we show that the change of the Hadley Circulation exhibits meridionally varying weakening and strengthening structures, physically consistent with the cloud changes in distinct cloud regimes. The regions that experience a weakening (strengthening) of the zonal-mean circulation account for 54% (46%) of the multimodel-mean top-of-atmosphere (TOA) CRE change integrated over 45°S-40°N. The simulated Hadley Circulation structure changes per degree of surface warming differ greatly between the models, and the intermodel spread in the Hadley Circulation change is well correlated with the intermodel spread in the TOA CRE change. This correlation underscores the close interactions between large-scale circulation and clouds and suggests that the uncertainties of cloud feedbacks and climate sensitivity reside in the intimate coupling between large-scale circulation and clouds. New model performance metrics proposed in this work, which emphasize how models reproduce satellite-observed spatial variations of zonal-mean cloud fraction and relative humidity associated with the Hadley Circulation, indicate that the models closer to the satellite observations tend to have equilibrium climate sensitivity higher than the multimodel mean.
Introduction
On global average, clouds exert a net cooling effect of about À21.1 ± 5 W m À2 at the top of atmosphere (TOA) [Stephens et al., 2012] as their reflection of solar radiation overcomes their trapping of terrestrial emission. Compared to the radiative forcing induced by the doubling of atmospheric CO 2 concentration, about 4 W m À2 , any changes in cloud amount, cloud optical thickness, or cloud top temperature would greatly modulate the radiative balance of the Earth system, causing large differences in the model-predicted global-mean surface temperature increase [Cess et al., 1989; Stephens, 2005] . A commonly used measure for climate response is equilibrium climate sensitivity (ECS), defined as equilibrium global-mean surface air temperature change in response to a sustained doubling of CO 2 relative to the preindustrial concentration. Based on the coupled atmospheric-ocean model simulations submitted to the Coupled Model Intercomparison Project Phase 5 (CMIP5), ECS ranges from 2.1 to 4.7 K . Differences in simulated cloud radiative effect (CRE) changes in response to increasing CO 2 and associated cloud feedbacks are a primary source for the uncertainty of ECS estimates [e.g., Cess et al., 1989; Andrews et al., 2012] . Understanding the physical processes that drive CRE changes and identifying the dominant contributor to the intermodel differences in CRE changes and cloud feedbacks are of critical importance for reducing the spread of ECS.
The weakening of the Hadley Circulation is often measured by the maximum mass-weighted zonal-mean meridional stream function or velocity potential at a particular pressure level [Oort and Yienger, 1996; Tanaka et al., 2004] , or by the variances or fractional changes of vertical velocity averaged over the tropics Bony et al., 2013] . For example, the spatial structures of the Hadley Circulation change under global warming are analyzed in terms of the zonally integrated meridional stream function in Ma et al. [2012] and Ma and Xie [2013] . The detailed structures in zonal-mean vertical velocity profiles have not been studied extensively. The model-simulated vertical velocity change under doubled CO 2 scenario exhibits more than a simple weakening of the Hadley Circulation. Acceleration and deceleration occur within each ascending or descending branch of the Hadley Circulation [Richter and Xie, 2008] . In addition, upward and poleward expansion of the Hadley Circulation edges are found in the models [Lu et al., 2007] . A recent study by Bony et al. [2013] showed that at least half of the tropical regional precipitation change at the end of the 21st century, under the projected quadrupling of CO 2 (a scenario without any mitigation of anthropogenic emission), would be contributed by the large-scale circulation change. The model spread in the dynamic component of precipitation changes plays a predominant role in the model spread of regional precipitation pattern. How are the complex structures of the Hadley Circulation change related to the cloud response to global warming? Are the magnitudes of the Hadley Circulation change correlated with the CRE changes, cloud feedbacks, and climate sensitivity? Do circulation and clouds vary independently or coherently? We address these questions using 15 climate model simulations that were submitted to the CMIP5. Satellite observations and reanalysis data are used to evaluate model performance in representing the Hadley Circulation and cloud structures.
Section 2 describes the model simulations and satellite data. Section 3 provides a detailed account of the physical linkage between the Hadley Circulation and cloud changes from present day in one of the projected warming scenarios, the Representative Concentration Pathway (RCP) 4.5. Section 4 quantifies the relationships between the model-simulated Hadley Circulation change and TOA CRE change. Caveats of the analysis are discussed in section 5. In section 6, new metrics that evaluate the model performance are proposed, along with their implications for ECS. Concluding remarks are summarized in section 7. models range from 2.1 to 4.7 K (Table 1) , with a multimodel mean of 3.4 K. Eight models are categorized as high-sensitivity models with ECS greater than 3.4 K, while seven models with ECS lower than 3.4 K are categorized as low-sensitivity models.
We use the 1980-2004 averages from the historical runs to represent the present-day climate and the 2074-2098 averages from the RCP 4.5 runs to represent a projected warmer climate. The RCP 4.5 run corresponds to a scenario with moderate mitigation efforts such that the CO 2 concentration reaches 538 ppmv in 2100 and smoothly approaches a constant of 543 ppmv by 2150 onward, corresponding to an approximate doubling of the preindustrial CO 2 concentration of 278 ppmv [Meinshausen et al., 2011] . The projected radiative forcing aims at 4.5 W m À2 by 2100; however, the adjusted radiative forcings taking into account rapid cloud adjustments to forcings are in fact different among the models, ranging from 2.8 to 4.7 W m À2 in 2095 with the multimodel mean below 4.5 W m À2 [Meinshausen et al., 2011; Forster et al., 2013] .
The external forcings in the RCP 4.5 runs include not only the increase of CO 2 and other greenhouse gases, but also the decrease of aerosols, recovery of stratospheric ozone, and changes in land surface. Thus, the projected climate changes in RCP 4.5 may have characteristics different from the runs with only CO 2 changes. The climate "changes" in this study are referred to as the differences between the two 25 year averages, i.e., the averages of 2074-2098 in the RCP 4.5 scenario minus the averages of 1980-2004. The detailed model performances in simulating present-day water vapor and clouds are referred to Jiang et al. [2012] .
In this study, the vertical profiles of cloud fraction are analyzed as the primary indicator of cloud properties, as cloud optical thickness often varies consistently with cloud fraction and cloud top height variations can be approximately inferred from the changes in cloud fraction profiles. In cases in which the variations of cloud optical thickness and cloud fraction changes are out of phase, our analyses may not provide a complete description of the associated CRE changes. A comprehensive analysis of the relative contributions of cloud fraction, cloud optical thickness, and cloud top height changes to rapid cloud adjustments and cloud feedbacks can be found in Zelinka et al. [2013] . Journal of Geophysical Research: Atmospheres
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fraction measurements is about 5% [Mace et al., 2009] . Ideally, model outputs of CloudSat/CALIPSO simulator cloud fraction should be used for comparison with the satellite retrievals [Bodas-Salcedo et al., 2011; Su et al., 2013] . As most of the models do not produce CloudSat/CALIPSO simulator cloud fraction outputs, we assume additional 20% uncertainty when comparing the model cloud fraction with satellite data [Su et al., 2013] .
We also examine relative humidity profiles in the models because of the strong correlation between cloud fraction and relative humidity as noted by previous studies [e.g., Fasullo and Trenberth, 2012] . The observed relative humidity measurements are taken from the Atmospheric Infrared Sounder (AIRS) on the Aqua satellite at pressure levels greater than 300 hPa and from the Microwave Limb Sounder (MLS) on the Aura satellite at pressure levels less than 300 hPa for the period of August 2004 to December 2012. AIRS relative humidity (version 6) has an uncertainty of about 10% [Olsen et al., 2013] , while the MLS relative humidity (version 3) has an uncertainty of about 25% in the tropical upper troposphere [Read et al., 2007] . Hence, we assume a 25% uncertainty for the combined AIRS and MLS relative humidity measurements. Vertical pressure velocities from the European Centre for Medium-Range Weather Forecasts (ECMWF) interim reanalysis (ERA-interim) are used for comparison with model vertical winds.
Linkage Between the Meridional Structures of the Hadley Circulation Change and Cloud Change
The multimodel-mean zonal-mean vertical pressure velocity (ω) changes from the 15 models are shown in Figure 1a , with the climatological ω profiles superimposed as contours. Only the latitudes from 45°S to 40°N within the Hadley Circulation boundaries are shown. It is true that the signs of the ω change oppose those of the climatological ω over many latitudinal zones, corresponding to a weakening of the circulation. However, there are latitudinal bands where the ω changes are of the same sign as the climatological ω, including the equatorial region (~5°S to~5°N) and the flanks of the descent zones (~30°N to~40°N,~15°S to~20°S, and 30°S to~45°S), corresponding to a strengthening of the circulation. The latitudinally alternating positive and negative ω changes are also indicative of the shifts of the ascent and descent boundaries. In the upper troposphere and within the climatological ascending branch, a uniform increase of the upward motion marks the deepening of the troposphere and the upward expansion of the Hadley Circulation. All of these features underscore the complex structures in the response of the Hadley Circulation under global warming. We attempt to establish the linkage between the structures in the Hadley Circulation change and the clouds and TOA CRE changes in the RCP 4.5 scenario, as shown in Figures 1b and 1c , with particular attention to the underappreciated strengthening segments in the Hadley Circulation change. Zonal-mean relative humidity change is superimposed on the cloud fraction change in Figure 1b . Cloud radiative effect (CRE) is defined as the all-sky and clear-sky radiative flux differences with a positive sign representing a warming effect to the Earth-atmosphere system. In Figure 1c , a positive CRE change corresponds to an increase of cloud warming effect or a decrease of cloud cooling effect.
Changes Over the Ascending Branch of the Hadley Circulation
Within the ascending branch of the climatological Hadley cell, zonal-mean large-scale rising motion strengthens near the equator between~5°S and~5°N but weakens at the flanks around 5°-15°N/S, suggesting a narrowing of the tropical ascending zone. The weakening of large-scale ascent over the 5°-15°N/S latitude bands is a manifestation of the aforementioned theoretical prediction of the slowing down of the tropical circulation but shows that the slowing down required on large-scale averages can be met despite locally more intense changes of varying sign. The local weakening at the poleward flanks of the climatological ascending branch is consistent with the "upped-ante mechanism" [Neelin et al., 2003; Chou and Neelin, 2004] , which suggests that the margins of the convective zones tend to experience reduced convection under global warming. In these regions, dry air inflow from adjacent nonconvective regions limits the increase of lower tropospheric moisture, making it more difficult to reach the values (the increased "convective ante") imposed by warmer troposphere temperature. The weakened ascending motion in the convective regions is associated with reduced deep convective clouds, evidenced by the greatest negative cloud fraction change in the upper troposphere and a secondary minimum in the middle troposphere around 600 hPa between 5°and 15°N/S (Figure 1b) . The reduction of high-level and midlevel cloud amounts results in decreased longwave warming and shortwave cooling effects by clouds at the TOA (Figure 1c ), leading to a relatively small net cloud warming effect within 5°-15°N/S because of the near cancellation between the longwave and shortwave CREs.
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On the other hand, the strengthened ascent within~5°S to~5°N may seem to be at odds with the general notion of slowing down of tropical circulation under global warming. This is because the simple energy balance and thermodynamic arguments for the tropical average Knutson and Manabe, 1995] are not applicable to the local regions where strong horizontal transport occurs. The increased boundary layer moist static energy associated with locally warmer surface temperature reduces the gross moist stability and enhances lower tropospheric moisture convergence and thus deep convection [Neelin et al., 2003; Chou and Neelin, 2004] . The increased upward velocity and dry static stability lead to increased adiabatic cooling, which has to be balanced by increased latent heating associated with stronger precipitation (shown in Figure 2 ). In the horizontal maps (Figures 3b-3d ), the enhanced equatorial convection is concentrated over the equatorial Pacific Ocean with compensating subsidence to the east and west; therefore, only a small increase of cloud fraction and relative humidity is shown in the zonal mean from 850 to 400 hPa within 5°S-5°N (Figure 1b ).
Above 400 hPa over the entire tropics, a dipole pattern of "positive above and negative below" in the cloud fraction and relative humidity changes suggest a rising altitude of convective detrainment and cirrus cloud top, causing an increased longwave warming effect by clouds (Figure 1c ). The dipole pattern of high-level 
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cloud change is clear evidence of deeper penetration of convection and upward expansion of the Hadley Circulation. The rise of cirrus cloud top is consistent with the "fixed-anvil-temperature" hypothesis, which suggests that the convective detrainment temperature would be approximately constant under global warming [Hartmann and Larson, 2002; Zelinka and Hartmann, 2011] . It is a robust feature simulated by all climate models and is associated with an increase of longwave warming effects by clouds. The combined effects of cloud altitude and cloud optical thickness increase and cloud fraction change result in a peak of increased longwave warming by clouds at the equator. In Figure 1c , only the equatorial band between~5°N and~5°S shows positive longwave CRE changes, partly because the cloud masking effects [Soden et al., 2004] would cause a systematic underestimate of the longwave cloud warming [Soden et al., 2008; Zelinka et al., 2013] . In kernelderived cloud feedbacks, the longwave warming associated with the increasing cloud top height is positive over most of the globe [e.g., Zelinka et al., 2013] .
Changes Over the Descending Branch of the Hadley Circulation
The latitudinal bands between 15°and 45°N/S are the climatological descent branches of the Hadley cell. The changes of large-scale subsidence are mostly evident between 40°N and 45°S. The ω changes exhibit undulating behaviors with weakening at most of the descent zones (15°N-30°N and 20S°-30°S) but strengthening at the edges (~30°N to~40°N,~15°S to~20°S, and~30°S to~45°S). The weakening is more severe in amplitude in the northern hemisphere, while the strengthening is more expansive in the southern hemisphere.
The weakening of subsidence between 15°and 30°N/S is in concert with the weakening of rising motion over the climatological ascending zones, as predicted by simple theories. In these latitudinal bands, the dominant cloud types are marine stratocumulus and stratus as well as fair-weather cumulus and cirrus [Tselioudis et al., 2013] . A reduction of low cloud fraction is noticeable in the zonal mean between 800 and 900 hPa, co-located with a decrease of relative humidity ( Figure 1b ) and a weakening of large-scale subsidence ( Figure 1a ). The cause for the decrease of the subtropical low clouds is not known Blossey et al., 2013] . A plausible mechanism suggested by Sherwood et al. [2014] involves the convective mixing between the free troposphere and the boundary layer. In this theory, the weakened subsidence under global warming promotes the deepening of the boundary layer Blossey et al., 2013] , allowing more entrainment of free tropospheric dry air into the boundary layer and leading to a decrease of low clouds [Rieck et al., 2012; Stevens, 2007; Sherwood et al., 2014] .
Below 900 hPa, zonal-mean low cloud fraction shows a small increase (Figure 1b) , especially in the southern subtropics. Increasing surface evaporation or lower tropospheric stability (LTS) might contribute to such an increase, although the exact mechanisms are not known.
The fair-weather cumulus and cirrus over the subtropical regions may originate from convective detrainment and occur near the convective margins [Tselioudis et al., 2013] , such as at the edges of South Pacific Convergence Zone and in the subtropical North Pacific and North Atlantic (Figures 3c and 3d) . The equatorward shift of deep convection within 5°-15°N/S and the poleward shift of midlatitude storm tracks may both contribute to the decrease of isolated cumulus and cirrus, coincident with a decrease in free tropospheric relative humidity (Figures 1b, 3c, and 3d ).
The 15°-30°N/S latitude bands include monsoonal convection over land (such as Southeast Asia, North America, South America, and Africa). There are strong zonal asymmetries in atmospheric circulation and The spatial maps of changes in TOA net CRE, ω 500 , cloud fraction, and relative humidity from the present day to the end of the 21st century projected in the RCP 4.5 scenario for the multimodel mean. (a) TOA net CRE, (b) vertical pressure velocity at 500 hPa, (c) 300 hPa cloud fraction (color shadings) and relative humidity (white contours), (d) 600 hPa cloud fraction (color shadings) and relative humidity (white contours), and (e) 900 hPa cloud fraction (color shadings) and relative humidity (white contours).
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In the southern subtropics, increased low clouds over the southeast Pacific are counteracted by decreased clouds elsewhere (Figure 3 ), leading to a moderate net cloud warming effect in the zonal mean (Figure 1c ).
In the latitude bands between 30°-40°N and 30°-45°S, increasing large-scale subsidence is found, corresponding to another two strengthening segments in the Hadley Circulation change (Figure 1a) . The increase of subsidence there is indicative of the poleward expansion of the descent zone [Lu et al., 2007] and the widening of the tropics [Fu et al., 2006; Seidel et al., 2008; Davis and Rosenlof, 2012] . A substantial decrease of free tropospheric cloud amount and relative humidity (Figure 1b) is associated with the enhanced subsidence, although the increased cloud warming (i.e., reduced cloud cooling; Figure 1c ) there may be contributed primarily by the decrease of cloud water path driven by increased LTS and not by the poleward shift of extratropical storm tracks [Kay et al., 2014] .
The Importance of Weakening and Strengthening Structures of the Hadley Circulation Change
In summary, the change of the Hadley Circulation under global warming contains complex meridional structures. Although the overall weakening of the circulation over the entire tropics is simulated by the models in accordance with simple theories, zones of acceleration and deceleration alternate in latitude, accompanied by the narrowing and widening of the ascent and descent regions, respectively. Separating the weakening and strengthening segments of the Hadley Circulation change provides a clear linkage between the large-scale circulation and cloud changes. Using the maximum value of the zonal-mean stream function or velocity potential to represent the Hadley Circulation, as done conventionally, would thus obscure the connection between the Hadley Circulation and changes of clouds in different cloud regimes. Note that the zonally asymmetric components of circulation and cloud changes can be large and important but are not dealt with here.
For the multimodel mean, the changes of TOA net CRE are greater than zero everywhere within the Hadley Cell between 45°S and 40°N, despite that the longwave CREs may be negatively biased because of the cloud masking effects [Soden et al., 2008; Zelinka et al., 2013] . The latitudinal zones with a strengthening of ascent or descent account for about 46% of the area-weighted integral of the CRE change, compared to 54% from the latitudinal bands with a weakening of ascent or descent. It is fair to say that the weakening and strengthening segments of the Hadley Circulation change contribute nearly equally to the cloud and CRE changes at the end of the 21st century in the RCP 4.5 scenario. To quantify the magnitude of the meridionally varying structures in the Hadley Circulation change for each model, we apply an empirical orthogonal function (EOF) analysis to the 15 models' zonal-mean vertical velocity change at 500 hPa (ω 500 ) within 45°S-40°N (using the full vertical velocity profile yields similar results). In this EOF analysis, the spatial pattern of interest is the change of zonal mean ω 500 as a function of latitude. Each model is equivalent to a "time slice" in the conventional temporal series for EOF analysis. The principal components (PCs) of the leading EOF mode represent the magnitudes of the dominant structure of the Hadley Circulation change for all models. By so doing, we can objectively determine the magnitude of the meridionally varying structures of the Hadley Circulation change for each model and avoid biases by using local indices. A similar method was used in a recent study to identify the SST warming patterns and amplitudes in a number of model simulations [Tokinaga et al., 2012] .
The resulting first EOF mode explains 57% of the variance across the models. The corresponding meridional structure of the first EOF mode is shown in Figure 4a . It resembles the multimodel mean ω 500 change (Figure 1a) , suggesting that the meridional structure of the Hadley Circulation change discussed in the preceding section is a dominant feature shared by all models. Combined with climatological ω 500 (Figure 4a , dashed line), the first EOF mode of ω 500 change clearly defines the "strengthening" and "weakening" segments of the Hadley Circulation change, marked in Figure 4a . The PCs of the first EOF mode have values between 0.026 and 2.0 (Figure 4b ), 2 orders of magnitude difference among the models, suggesting a tremendous disagreement among the models in terms of dynamic response to surface warming and to forcings in the projected climate change scenario, as found in earlier studies [e.g., Bony et al., 2013] .
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Correlating the PCs of the first EOF mode with the changes in TOA net CREs averaged between 45°S and 40°N yields a remarkably high positive correlation, 0.70 (Figure 4b) , statistically significant at 99% based on two-sided Student's t test.
For comparison, we compute the range of zonal-mean mass-weighted stream function at 500 hPa (ψ 500 ), as commonly used for the Hadley Circulation strength. Zonal-mean stream function is calculated by the integral of vertical pressure velocity over each latitude band between 90°S and 90°N and weighted by area [Oort and Yienger, 1996] . The results are the same if zonal-mean meridional wind profiles are integrated vertically for the calculation of the stream function. The strength of the Hadley Circulation is indicated by the range (maximum minus minimum) of ψ 500 . The resulting change of the ψ 500 range for each model is found to be negatively correlated with the averaged CRE within 45°S-40°N (Figure 4c ), corroborating the co-variability between the Hadley Circulation change and the CRE change. The correlation coefficient between the change of ψ 500 range and CRE is À0.55 (statistically significant at 95% level), somewhat lower than that between the PCs and CREs (Figure 4b ). The smaller variance of the CRE change explained by the stream function than by the PCs indicates that the meridional varying structures of the Hadley Circulation change are more meaningful for understanding the relations between the Hadley Circulation change and cloud change than broadly averaged indices such as the stream function. The PCs capture the model differences in simulating the distinct "strengthening" and "weakening" circulation regimes that are associated with different cloud types. They are found to be particularly useful to depict the complex pattern of circulation changes in a holistic and quantitative way.
Normalizing the Circulation and CRE Changes by Surface Temperature Change
One might wonder if the correlations shown in Figures 4b and 4c arise from the fact that both circulation and CRE changes would be larger in the models with larger increases in global-mean surface temperature. Indeed, the circulation and CRE changes are both strongly correlated with the global-mean surface temperature changes with the correlations at 0.61 and 0.81, respectively. A normalization by global-mean surface temperature or ECS would be a simple way to remove the model spread caused by the different temperature warming, although caveats exist because parts of the circulation and CRE changes are driven by forcings and thus not temperature dependent. Such caveats will be discussed more in detail in section 5. Here we present the ECS-normalized results and examine whether the strong correlation between the circulation and CRE changes still holds after the impact of surface warming is removed. Using global-mean surface temperature change to normalize the variables yields similar results to the ECS-normalized quantities. Only the ECS-normalized results are shown. Figure 5 shows the spatial distributions of ECS-normalized ω 500 , TOA net CRE, precipitation, and 300 hPa and 900 hPa cloud fraction changes per degree of warming for two model composites consisting of the top or bottom five models with the largest or smallest normalized PCs. The regions where the differences between the two model composites are statistically significant above 75% level are marked by white stipples with a white outline. All quantities discussed below refer to the normalized changes by ECS listed in Table 1 .
The maps of ω 500 change highlight the zonal asymmetry of circulation changes as the grouping is based on the zonal-mean Hadley Circulation change index, i.e., the PCs (Figures 5a and 5f ). The weakening of the Walker Circulation is evident across the equatorial Indian Ocean and the Pacific Ocean in both model composites. The group with a larger change in the Hadley Circulation also exhibits a larger weakening of the Walker Circulation. The Intertropical Convergence Zone (ITCZ) and the northeast and southeast Pacific and the Atlantic Oceans stand out as the sensitive regions with statistically significantly different vertical velocity changes between the two model composites.
Accompanying the largest circulation changes, the normalized net CRE changes show increased net cloud warming over most of the 45°S to 40°N, except for some parts over South Pacific and Atlantic. The equatorial eastern Pacific, North Pacific, and Atlantic storm track regions have substantial net cloud warming effects. On the other hand, the model composite with the smallest circulation change shows enhanced net cloud cooling or less warming at the TOA (Figures 5b and 5g) over most of the domain. Note that the CRE changes shown here are relative to the present day, not relative to the preindustrial condition.
The precipitation change is closely related to the circulation change in that the increase (decrease) of upward motion over the ITCZ is associated with the increase (decrease) of precipitation, with the magnitude differences consistent with the vertical velocity changes (Figures 5c and 5h) . These precipitation changes are representative of tropospheric latent heating changes associated with deep convection, closely resembling the 300 hPa cloud fraction changes over the tropics (Figures 5d and 5i ).
In the boundary layer at 900 hPa (similarly at 850 hPa), the changes of cloud fraction between the two model composites are strikingly different (Figures 5e and 5j) . The model composite with the largest normalized circulation changes produces a widespread reduction of low cloud fraction, while the model composite with the smallest circulation changes produces an increase of low cloud fraction over most of the domain. The differences between the two composites are statistically significant over the equatorial eastern Pacific, North Pacific and North Atlantic. As the low cloud amount is predominantly important for the TOA net CRE and cloud feedbacks, the circulation stratified differences in the low cloud fraction change suggest that the inter-model spread in cloud feedbacks is closely associated with the model differences in the large-scale circulation changes.
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While the increase of high clouds with the increase of ascent over the deep convective regions are well understood, how weakened large-scale subsidence over the stratocumulus regions could cause the decrease of low clouds is less obvious. Myers and Norris [2013] and Bretherton et al. [2013] argued that the decrease of large-scale subsidence alone would raise stratocumulus cloud top and increase low cloud fraction, although observed interannual and decadal changes of low cloud fraction appear to be positively correlated with the strengthening of subsidence [Clement et al., 2009] . A plausible process that could connect the weakened subsidence and reduced low cloud fraction is the enhanced drying of the boundary layer in a warmer climate [Sherwood et al., 2014] . When subsidence weakens, the boundary layer deepens Blossey et al., 2013] , permitting more mixing between the free troposphere and the boundary layer [Rieck et al., 2012; Stevens, 2007] . The increased mixing would lead to a greater drying of the boundary layer and a subsequent reduced low cloudiness Sherwood et al., 2014] . Figure 6 explores the correlation between the boundary layer drying and large-scale circulation change for the 15 models. Taking a box over the northeast Pacific region where stratocumulus clouds dominate (15°-25°N, 115°-145°W), the same area analyzed by Clement et al. [2009] , we calculate the relative humidity difference between 700 hPa and 850 hPa (ΔRH = RH 700 À RH 850 ), which represents the humidity gap between the free troposphere and the cloudy boundary layer (using the relative humidity difference between 700 hPa and 900 hPa yields similar results). Climatological mean ΔRH is negative in most models. Under global warming, a positive change of ΔRH from the present day indicates that the boundary layer becomes less moist compared to The left (right) panels correspond to the averages from the top (bottom) five models with the largest (smallest) normalized circulation changes. (a and f) ω 500 , (b and g) TOA net CRE, (c and h) precipitation, (d and i) 300 hPa cloud fraction (CF), and (e and j) 900 hPa cloud fraction. All quantities are the ECS-normalized changes from the present day to the end of the 21st century projected in the RCP 4.5 scenario. The stippled areas with white outlines indicate that the differences between the two composites are statistically significant above the 75% level.
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the free troposphere. The ECS-normalized changes of ΔRH between the end of the 21st century and the present day averaged over this box for the 15 models are found to be correlated with the normalized PCs at 0.51, statistically significant at 95% level, suggesting that the models with the larger Hadley Circulation changes (the greater PCs) tend to have a greater drying of the boundary layer (the more positive change of ΔRH), which could contribute to a greater decrease of low clouds. Note that our index of "boundary layer drying," ΔRH, is different from the "convective mixing" index used in Sherwood et al. [2014] in that their convective mixing index is defined over deep convective regions while our "boundary layer drying" index is defined over the subtropical subsidence regions, and the changes of ΔRH under global warming are of interest here.
Averaging the normalized TOA CRE changes zonally, the two model composites stratified by the normalized circulation changes exhibit outstanding differences (Figure 7) . The composite mean for the top five models with the largest normalized circulation changes yields positive net CRE changes (increased cloud warming) at almost all latitudes within the Hadley cell, while the composite mean for the bottom five models with the smallest circulation changes yields negative net CRE changes at all the latitudes except over the limited zones poleward of 30°S/N. The TOA net CRE changes are dominated by the shortwave CRE changes, with the longwave CRE changes counteracting the shortwave effects. Note that the longwave CREs are negatively biased due to the cloud masking effects. For the model composite of the largest normalized circulation changes (Figure 7a , red curve), the northern hemispheric subtropics show a noticeably higher positive net CRE change than the southern hemispheric subtropics, consistent with the greater reduction of the boundary layer clouds at 900 hPa in the north than in the south shown in Figure 5e . Soden and Held [2006] showed that the model differences in the CRE changes are well correlated with the "true" cloud feedbacks so that it is reasonable to expect that the two model composites stratified by the circulation changes have significantly different cloud feedbacks. Figure 8 further examines the correlation of normalized circulation and CRE changes for all 15 models. The normalized PCs are correlated with normalized TOA net, shortwave, and longwave CRE changes averaged over 45°S and 40°N at correlation coefficients of 0.39, 0.47 (Figures 8a and 8b) , and À0.41 (not shown), respectively. The larger circulation changes correspond to stronger net cloud warming (reduced cloud cooling) effects. The model differences in circulation changes explain about 15% (22%) of the intermodel spread in the net (shortwave) CRE changes per degree of equilibrium surface temperature change. The normalized net (shortwave) CRE change is correlated with ECS at 0.77 (0.54) (Figures 8c and 8d) , while there is very little correlation between the longwave CRE change and ECS.
Discussions
There are a few caveats worth mentioning. First, the CRE changes include the cloud masking effects [Soden et al., 2004] and rapid cloud adjustments to forcings, not dependent on surface warming . 
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The cloud masking effects tend to make the CRE-derived cloud feedbacks negatively biased compared to the cloud feedbacks calculated from cloud radiative kernels or adjustment of cloud forcings using standard radiative kernels [Soden et al., 2008; Shell et al., 2008] . The cloud masking effects produce a larger bias in longwave CRE than in shortwave CRE. The negative biases tend to be systematic across the models [Soden et al., 2008; Zelinka et al., 2013] so that the intermodel spread in normalized CRE changes bears some resemblance to the intermodel spread in kernel-derived cloud feedbacks, especially for the shortwave components. 
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Second, we recognize that the circulation and CRE changes from the historical runs to the RCP 4.5 scenario are not simply scaled by the degrees of surface warming. Various forcing agents, such as greenhouse gases, aerosols, stratospheric ozone, and land surface conditions evolve with time. The magnitudes of adjusted forcings at 2095 under the RCP 4.5 differ by as much as 2 W m À2 in the 15 models [Meinshausen et al., 2011; Forster et al., 2013] .
Model-simulated circulation and cloud changes depend on the magnitude and nature of the forcings. Forster et al. [2013] showed that the intermodel spread of surface temperature change at 2095 is primarily driven by climate feedback differences, but the adjusted forcing differences also play a role. For example, the aerosol indirect effects on clouds, as an unconstrained forcing in the models, could create large intermodel spread in circulation and cloud changes. Moreover, rapid cloud adjustment to CO 2 forcings exhibits considerable spread among the models. It is difficult to systematically remove the impact of rapid cloud adjustments on CRE changes without idealized model experiments. Accurate quantification of cloud feedbacks and their relation to dynamic response would require analyzing additional model simulations such as the abrupt quadrupling of CO 2 runs (abrupt4 × CO 2 ) combined with perturbed SST runs ("amip + 4 K") and corresponding control runs , and utilizing radiative kernels for calculations of cloud feedbacks [e.g., Shell et al., 2008; Soden et al., 2008; Zelinka et al., 2013] .
Third, different SST patterns in the coupled simulations may produce different circulation changes [Tokinaga et al., 2012; Ma et al., 2012; Ma and Xie, 2013] even when the averaged surface temperature warming is the same. Hence, the simple normalization by global-mean surface temperature change has inherent limitations.
Nevertheless, our analysis offers a new perspective to understand the intermodel spread in cloud response and climate sensitivity. The correlation between the intermodel spreads in circulation and CRE changes highlights the close coupling between large-scale circulation and clouds. The circulation differences could drive part of the cloud differences, while the cloud differences may feedback onto the global and regional energetics and cause circulation differences. Many previous studies show that the cloud parameterization differences are the primary source of the discrepancy for cloud simulations [Medeiros et al., 2008; Medeiros and Stevens, 2011; Su et al., 2013] , while this analysis shows that the cloud differences bear the signature of circulation differences and vice versa. Thus, the uncertainty of cloud feedbacks (and climate sensitivity) lies in the intimate coupling between large-scale circulation and clouds. It is possible that both circulation and cloud change differences are fundamentally driven by the unresolved convective and cloud processes parameterized differently in climate models [Stevens and Bony, 2013] . As dynamic and thermodynamic factors are coupled together, it is difficult to isolate the cause and effect based on the simple correlations. More in-depth analyses including cleverly designed model sensitivity experiments are needed to fully understand the interactions between large-scale circulation and clouds. 
New Model Performance Metrics Representing the Close Linkage Between the Hadley Circulation and Clouds
Recent studies showed that model simulations of certain parameters and processes in present-day climate are correlated with models' ECSs so that model performances of present-day climate can provide a constraint on ECSs [Fasullo and Trenberth, 2012; Sherwood et al., 2014] . As large-scale circulation is closely coupled with cloud response, constraining model representation of large-scale circulation and its variations is therefore important for reducing the uncertainties of climate projections.
We have shown that spatially varying cloud changes are associated with complex structured circulation changes over all the latitudes of the Hadley cell. Thus, it is highly desirable to devise new model performance metrics that capture the entire spatial variations of clouds (and/or relative humidity) within the Hadley cell boundaries. Vertical velocity is a model-derived quantity in the reanalysis, and different reanalysis data sets produce quite different vertical motions for which error estimation is difficult to perform. While the vertical velocity field itself does not provide a ready independent observational constraint, new metrics using relative humidity and cloud profiles can be formulated to indicate model performance in representing the large-scale circulation.
The connection between the meridional structure of the Hadley Circulation and the spatial distributions of clouds and relative humidity in the present-day climate is illustrated in Figure 9 . Comparing the high-and low-sensitivity model composites of present-day climatological zonal-mean vertical velocity with their respective cloud fraction and relative humidity profiles, we find that the high-sensitivity model composite has higher relative humidity and more cirrus clouds in the tropical upper troposphere along with drier and less cloudy subtropics, consistent with stronger maximum tropical ascent and subtropical descent in the zonal-mean vertical pressure velocity. The differences between the two model composites in cloud and relative humidity profiles are consistent with their circulation differences. Hence, the spatial distributions of cloud and relative humidity can serve as proxies of large-scale circulation, which is difficult to observe directly from space. Furthermore, comparing the model simulations against the ERA-interim reanalysis and A-Train satellite observations, we find that the high-sensitivity composites agree better with the observations than the low-sensitivity composites in terms of the maximum ascent/descent and the meridional and vertical variations of cloud fraction and relative humidity. The differences in cloud fraction and relative humidity between the high-and low-sensitivity model composites are reminiscent of the changes under global warming (Figure 1b) . Additionally, the contrasts between the tropical upper troposphere and subtropical free troposphere are even greater in the observations than those in either high-or low-sensitivity model composites. These results are consistent with previous studies that suggested the high-sensitivity models are likely more "realistic" than the low-sensitivity models [Fasullo and Trenberth, 2012; Klein et al., 2013; Sherwood et al., 2014] . Departing from previous studies that focused on local indices, we emphasize here that the complete meridional and vertical structures of cloud fraction and relative humidity are important for constraints of climate sensitivity because of their close association with the large-scale circulation.
To quantify the models' performance in representing the coherent spatial variations of cloud fraction and relative humidity associated with the Hadley Circulation, we compute the regression slopes of the model zonal-mean cloud fraction and relative humidity (α CF and α RH ) onto the observed profiles as well as the spatial correlations between the model and observed profiles (ρ CF and ρ RH ) between the surface and 100 hPa within 45°S to 40°N (Figure 10 ). These metrics would yield a value of 1 when the models and observations match perfectly ( Figure 10 , solid black circles). Although cloud fraction and relative humidity are two highly correlated quantities, the observed cloud fraction and relative humidity measurements are taken from independent instruments and thus can serve as two observational constraints.
Based on these "global" metrics germane to the entire Hadley Circulation, we find that the models that are closer to the observations tend to have ECS higher than the multimodel mean (labeled in red), while the lowsensitivity models (labeled in blue) are generally farther away from the observations. The high-and lowsensitivity model composites are clearly separated in terms of the deviation from the observations with the high-sensitivity composite being much closer. Because of the strong correlation between cloud fraction and relative humidity, the regression slopes and spatial correlations are distributed approximately diagonally: low (high) α CF and ρ CF are usually associated with low (high) α RH and ρ RH . Considering the observational data uncertainty of about 25% for cloud fraction and relative humidity, we may crudely define the "best estimates" Figure 10a , except for the spatial correlations between the model and observed cloud fraction ( ρ CF ) and relative humidity ( ρ RH ) profiles. The dashed lines mark the boundaries of the "best estimates" based on observational data uncertainty of 25%. The red and blue colors denote high-and low-sensitivity models, respectively, with the red and blue solid circles corresponding to the ensemble composites for the high-and low-sensitivity models, respectively. The solid black circles denote observations. Only 14 models are shown because CNRM cm5 does not provide cloud fraction profiles in the historical run at the CMIP5 archive. The green circles mark the top four models that have the highest regression or correlation in terms of zonal-mean vertical pressure velocity with the ERA-interim reanalysis.
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as those models with α CF and α RH between 0.75 and 1.25, or with ρ CF and ρ RH between 0.75 and 1.0. With these cutoff values, we find that only five high-sensitivity models plus the high-sensitivity composite fit into the area of "best estimates." We caution that the limited model samples examined here do not necessarily provide robust statistics of ECS. However, the tendency of better performing models to have higher ECS is in general agreement with earlier studies [Tung et al., 2008; Fasullo and Trenberth, 2012; Klein et al., 2013; Sherwood et al., 2014] .
Similar regressions and correlations are conducted for the model-simulated zonal-mean vertical pressure velocity profiles against the ERA-interim reanalysis data. Only the top four models with the highest coefficients ranging from 0.91 to 1.09 for regressions and 0.95 to 0.97 for correlations are marked in green circles in Figure 10 . Note that the coefficient differences between the models are rather small and no objective uncertainty estimates for the vertical velocity are available. Roughly speaking, the top four models having the highest regressions or correlations with the ERA-interim reanalysis vertical pressure velocity generally reproduce well the observed cloud fraction and relative humidity profiles. This confirms that the meridional and vertical structures of clouds and relative humidity can be proxies of the Hadley Circulation.
Conclusions
This study establishes the close linkage between the meridional structures of the Hadley Circulation change and the cloud response under global warming. The change of the Hadley Circulation exhibits latitudinally alternating strengthening and weakening structures with each segment physically consistent with the cloud and CRE changes. The strengthening and weakening segments of the Hadley Circulation contribute about equally to the total CRE changes within the boundaries of the Hadley Cell on the multimodel mean. Our study underscores the need to better understand large-scale circulation changes at scales smaller than averages over the entire Hadley cell for the contribution of circulation to the cloud response and climate sensitivity.
The dominant mode of the structures in the Hadley Circulation change, derived from the EOF analysis across the models, resembles the multimodel mean. When normalized by ECS, the magnitudes of this leading EOF mode differ by approximately 18 times across the 15 climate models analyzed, highlighting large intermodel spread in the dynamic response in the RCP 4.5 scenario. The model spread in the TOA CRE change is highly correlated with the model spread in the first EOF mode. The intermodel differences in the circulation change account for about 15% (22%) of the intermodel spread in the TOA net (shortwave) CRE change in the RCP 4.5 scenario.
Normalizing the circulation and CRE changes by ECS, we show that the models having the largest circulation changes would produce greater positive CREs and stronger positive cloud feedbacks. The positive CRE changes are primarily caused by the reduction of clouds over the subtropical stratocumulus regions and near storm tracks. The drying of the boundary layer associated with the weakened subsidence is a plausible process that leads to the decrease of low clouds. Across the models, the intermodel differences in the extent of the boundary layer drying are correlated with the magnitudes of the Hadley Circulation change. The close linkage between large-scale circulation and cloud response points to the need of understanding the uncertainty of cloud feedbacks through the coupling between the circulation and clouds and the importance of constraining models' representation of moist dynamics with observations for improving climate change predictions.
We recognize that the inference of cloud feedback based on the CREs from the RCP 4.5 experiments could have inherent biases associated with the cloud masking effects and rapid cloud adjustments. Different aerosol effects may be also responsible for the intermodel spread in cloud responses. Future work is needed to quantify cloud feedbacks and their relations with circulation changes through the use of cloud or standard radiative kernel technique [e.g., Zelinka et al., 2013; Soden et al., 2008; Shell et al., 2008] and idealized model experiments with simplified forcings in coupled or uncoupled scenarios.
Lastly, the new model performance metrics that emphasize the entire spatial variations of cloud fraction and relative humidity associated with the Hadley Circulation show that the models that perform better by these measures tend to have higher ECS. These models also produce stronger Hadley Circulation in general. Consistent with this, composites over the high-sensitivity models perform substantially better by these measures than those over the low-sensitivity models. Although better performance in current climate is not
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necessarily an indicator of a better projection of future climate, these new metrics are for climate variables closely associated with circulation and energy budget changes under global warming. Any reasonable weighting of the multimodel ensemble by these metrics would yield an estimate of ECS higher than the multimodel mean.
